applied twice each year. There was no evidence that any weed species developed resistance to glyphosate. The most striking fi nding of these studies was the buildup of common lambsquarters and wild buckwheat that occurs when glyphosate is applied at 0.4 kg ae ha -1 twice each year. Such a low-use-rate approach is to be completely discouraged since it appears to enrich the gene pool for individuals that survive low rates of glyphosate. The continuing decline in the real cost of glyphosate should eliminate any legitimate reason for growers to consider using less than the full labeled rate of glyphosate. All treatments that included glyphosate at all three locations over 6 yr provided signifi cantly better grass control than the nonglyphosate conventional treatments.
and spatial arrangement, and those arising from changes in weed control method. Examples of the latter include improvements in seed cleaning, cultural, and chemical methods of control. Many examples have demonstrated that continuous use of a control method results in changes in weed species composition (Ball and Miller, 1990; Blackshaw, 1994; Blackshaw et al., 1994; Buhler, 1992; Buhler et al., 1994; Cardina et al., 2002; Fryer and Chancellor, 1970; Holliday and Putwain, 1980; Llewellyn and Powles, 2001; Manley et al., 2001 Manley et al., , 2002 Martin and Felton, 1993; Schreiber, 1992; Swanton et al., 1999; Tworkoski et al., 2000; Wicks and Smika, 1990) . In these examples, the control tactic was herbicide, tillage, crop rotation, or other agronomic factor, but it was used frequently throughout the cropping system and caused a shift in the weed population (Haas and Streibig, 1982; Maxwell et al., 1990; Roush et al., 1990) . Changes in weed species composition typically occur more rapidly when herbicides are the control method because of the greater selection they impose on the weed community. However, most studies have been descriptive and limited to providing information on the size and density of the weed populations at diff erent times during the experiment. Seldom have there been attempts to understand and forecast the dynamics of weed communities resulting from imposing specifi c controls or practices.
Just as changes in the composition of the weed community develop when a system is constantly exposed to herbicides with similar selection pressure, repeated selection may also infl uence genetic adaptation and lead to herbicide-resistant biotypes (Mallory-Smith et al., 1990; Powles and Holtum, 1994) . Herbicides with a single site of action used as the sole or primary herbicide for many years may eliminate susceptible species or biotypes from an existing population and allow naturally tolerant or resistant biotypes to fl ourish and dominate the population (Gressel and Segel, 1978; Maxwell and Mortimer, 1994) . Resistance is not thought to be due to mutations caused by herbicides; rather it arises from the selection of natural mutation or small preexisting populations of resistant plants (Duke et al., 1991) .
Currently, there are at least 286 documented weed biotypes with resistance to one or more of the herbicide families (Heap, 2007) . Cases of resistance to acetolactate synthase and photosystem II inhibiting herbicides are the most common. In some cases, resistance to sulfonylurea herbicides developed in as few as four to fi ve years (Mallory-Smith et al., 1990; Saari et al., 1994) . With glyphosate, however, 25 yr of use occurred before the fi rst case of glyphosate resistance was confi rmed (Powles et al., 1998) .
Initially limited to noncrop and industrial uses in the early 1970s, glyphosate began to be used increasingly with the widespread adoption of conservation tillage practices in the 1980s and 1990s. In 1991 it became the most widely used crop protection chemical, with a global agricultural volume demand of 74,045 t of technical acid in 1997 (Woodburn, 2000) . Global glyphosate use has grown substantially since then, paralleling the rapid adoption of herbicide-resistant crop programs. Genetically modifi ed crops were grown on an estimated 67.7 million ha worldwide and 42.8 million ha in the United States in 2003 (James, 2003) . During the 8-yr period from 1996 to 2003, herbicide resistance was the dominant genetic trait, followed by insect resistance. In 2003 herbicide tolerance deployed in soybean [Glycine max (L.) Merr.], maize (Zea mays L.), canola (Sinapsis arvensis L.), and cotton (Gossypium hirsutum L.) occupied 73% or 49.7 million ha of global genetically modifi ed crops, with the majority being glyphosate resistant (James, 2003) . Despite extensive global use, resistance to glyphosate has developed only within the past 12 yr and currently is exhibited in 13 weed species (Heap, 2007) .
The fi rst confi rmed case of glyphosate resistance occurred in Australia in 1995. A rigid ryegrass biotype (Lolium rigidum Gaud.) survived 7 to 11 times the rate of glyphosate that killed the susceptible population (Powles et al., 1998) . In 1997 a population of goosegrass [Eleusine indica (L) Gaertn.] in Malaysia repeatedly exposed to glyphosate was shown to be 8 to 12 times more resistant to glyphosate than nonresistant biotypes (Lee and Ngim, 2000 (Heap, 2007) . More recent examples of glyphosate-resistant weeds include Palmer amaranth (Amaranthus palmeri S. Wats.) (Culpepper et al., 2006) , common waterhemp (Amaranthus rudis Sauer), common ragweed (Ambrosia artemisiifolia L.), giant ragweed (Ambrosia trifi da L.), junglerice [Echinochloa colona (L.) Link], wild poinsettia (Euphorbia heterophylla L.) (Vidal et al., 2007) , and johnsongrass [Sorghum halepense (L.) Pers.] (Heap, 2007) .
Glyphosate use patterns leading to resistance have differed greatly. Rigid ryegrass became resistant after 15 yr of annual exposure to glyphosate (Powles et al., 1998; Lee and Ngim, 2000 , 2000) . The fi rst objective of this research was to evaluate the eff ects of glyphosate rate and use patterns on changes in weed species composition and population dynamics after 6 yr of continuous glyphosate use. The second objective was to compare weed population dynamics under glyphosate applied at 0.8 kg ha -1 twice each year to conventional (nonglyphosate) herbicide strategies and a rotate-mode-of-action strategy that utilized glyphosate at 0.8 kg ha -1 every other year.
MATERIALS AND METHODS
Field experiments were conducted under irrigated conditions at three locations: Scottsbluff , NE, Fort Collins, CO, and Torrington, WY, from 1998 through 2003. The experimental design of the experiment was a 2 × 4 factorial study arranged in a split-plot format with four replications and repeated measures over multiple years. To provide for these repeated measures, the treatments were fi xed in space for 6 yr. The study size at each location was approximately 0.90 ha, using exclusively glyphosate-resistant crops in all years. Main plots were either continuous corn or a rotation of corn (1998), sugarbeet (1999), corn (2000), sugarbeet (2001), wheat (Triticum aestivum L.; 2002), and corn (2003) . Subplot size was 9.1 by 30.5 m, which allowed for 12 rows of corn when corn was grown. The seedbed in Nebraska each spring was prepared by rototilling twice before planting and in Wyoming by chiseling and disking; both sites were then irrigated as needed with an overhead sprinkler irrigation system. In Colorado the seedbed was prepared with a disk before establishing furrows for fl ood irrigation. Plots were furrow irrigated as needed during the growing season. At each location, each year, crops were fertilized according to soil tests and irrigated to produce optimal yields. The four subplot herbicide treatments for each crop consisted of glyphosate at 0.4 kg acid equivalent (ae) ha -1 applied postemergence twice each spring, glyphosate at 0.8 kg ae ha -1 applied postemergence twice each spring, a rotation of glyphosate at 0.8 kg ae ha -1 applied postemergence twice each spring followed the next year by a nonglyphosate treatment, or a nonglyphosate, conventional treatment each year (Table 1) . The nonglyphosate treatment in continuous corn or the rotation crops used herbicides that had a diff erent mode of action than glyphosate and would provide 95% weed control in the crop. In the spring, the fi rst application of glyphosate was applied when mean weed height was 7 to 8 cm, and the second application occurred 2 wk later. Herbicides were broadcast in water at 197, 140, or 187 L ha -1 at a pressure of 248, 248, or 276 kPa through 11002 VS, 11002LP, or 8002LP nozzles in Nebraska, Colorado, and Wyoming, respectively.
Weed populations were measured three times each season in Nebraska and Colorado and twice in Wyoming. The fi rst measurement in Nebraska and Colorado was made before the fi rst postemergence herbicide application; at all sites, weed populations were quantifi ed 2 wk following the fi nal postemergence treatment, and a fi nal measurement was made before crop harvest. For brevity, weed population densities measured 2 wk following the fi nal postemergence treatment are presented. Weed populations were sampled in the same location each year by quantifying individual plant species in three 76-cm wide by 10 yr of glyphosate use with an average of eight applications per year (Tran et al., 1999) . Horseweed developed resistance after receiving two applications of glyphosate per year for 3 yr in glyphosate-tolerant soybeans (VanGessel, 2001 ), although glyphosate had been used for horseweed control for 10 to 15 yr prior. The wide variation in aff ected species and glyphosate use patterns leading to resistance makes it diffi cult to predict which species and what production systems favor glyphosate resistance development. In general, monoculture crop (cotton and soybeans) or orchard production systems where tillage has been eliminated and where glyphosate is exclusively used for weed control appear to predispose a system for selection of glyphosate resistant weeds (Neve et al., 2003) . In some cases, it is suspected that use of below-label glyphosate rates contributed to the development of glyphosate resistant weeds (Sammons et al., 2007) .
Beginning in 1995, several major agricultural crops including corn (Zea mays L.), soybean, canola, cotton, alfalfa (Medicago sativa L.), and sugarbeet (Beta vulgaris L.) have been genetically modifi ed for resistance to glyphosate and became commercially available. When coupled with the declining cost of glyphosate, its use likely will continue to increase, which in turn increases exposure and selection pressure in weed populations. The rapid, widespread adoption of herbicide-resistant crops has raised biological and ethical concerns within the scientifi c community and among consumer and environmental groups about the risks and long-term sustainability of herbicide resistant crops (Crawley et al., 2001; Goldburg, 1992; Gressel and Rotteveel, 2000; Lyon et al., 2002; Martinez-Ghersa et al., 2003; Radosevich et al., 1992; Rissler and Mellon, 1996) . The biological concerns most often expressed are (i) that volunteer plants of herbicide resistant crops could become major weeds in subsequent crops, (ii) that selection pressure from over reliance of a herbicide-resistant cropping system could lead to shifts in weed species composition and/or select for resistant biotypes, (iii) that genes inserted into crops to confer resistance might escape by introgression into wild populations, and (iv) that plant diversity could be reduced further, allowing prolifi c growth of any species that adapts to the altered system.
Recommended stewardship practices and use guidelines have been developed and promoted by various groups based on assumptions and examples for managing resistance in other herbicide families. However, by comparison, we have little information based on long-term fi eld studies designed to evaluate the long-term impacts of continuous glyphosate use on changes in weed species composition, weed population dynamics, and the development of glyphosate-resistant weeds. Weed response to selection pressure in herbicide-resistant crops was identifi ed as a high research priority by the Research Committee of the Weed Science Society of America (Hall 6-m long quadrats in each plot. Crop density was quantifi ed each year, and yield was determined by harvesting seed or roots from a 66-m 2 area in the center of each plot. Data analysis involved the use of the SAS MIXED procedure (SAS Institute, 2001 ) with multiple error terms and with diff erences among years for a given plot being governed by an autoregressive residual covariance matrix. Successful satisfaction of model assumptions required the use of a logarithmic transformation of the dependent variables before analysis, but the statistical results are presented with the averages of the raw data. The presence of zeros in the data set required a constant to be added to each of the data values before the logarithmic transformation; however, the choice of a constant was complicated by the fact that in some instances the statistical result depended on the constant that was used. This was due to diff erent proportions of zeros occurring among diff erent treatments and/or crop rotations resulting in diff erential biases exerted by the logarithmic transformation among treatment and/ or crop rotation means. This issue was resolved by performing the evaluation multiple times using several choices for the constant. The choice of which constant to use was made on the basis of the quality of the resulting residual plots as well as whether the statistical result contradicted the relative sizes of the raw data averages. Analysis of variance was used to determine if data could be pooled over treatments or locations. The standard SAS LSD was used to calculate mean separations at an alpha level of 0.05. Trend analysis was conducted using a backward selection procedure in which all nonsignifi cant eff ects were eliminated, leaving only signifi cant trends with associated P values.
RESULTS AND DISCUSSION

Common Lambsquarters
Although multiple weed species occurred at all locations, this report focuses on common lambsquarters (Chenopodium album L.), wild buckwheat (Polygonum convolvulus L.), and all grasses combined because these three weed groups occurred in large enough numbers to allow for meaningful analyses. In addition, common lambsquarters responded similarly at all locations. At all three locations, the lowest total lambsquarters levels occurred in continuous corn compared to the crop rotation, although this diff erence was only signifi cant in Wyoming (Fig. 1) . Some of this eff ect may be attributable to the sugarbeet crops, which provided poor competition with common lambsquarters.
With regard to herbicide treatment eff ects, the lowest common lambsquarters populations occurred in the conventional treatment where conventional herbicides with high level lambsquarters control proved useful in suppressing population levels (Fig. 2) . Glyphosate at the 0.8 kg ae ha -1 was equally as eff ective as the rotating mode of action strategy at all three locations. In contrast, the 0.4 kg ae ha -1 of glyphosate produced significantly higher common lambsquarters populations at all locations, resulting in two to three times more plants occurring than those encountered when 0.8 kg ae ha -1 of glyphosate was used. This shows that strategies based on reduced glyphosate rates may save small amounts of money in the short term but may create serious common lambsquarters problems in the long term.
Trend analysis shows that over 6 yr, where glyphosate was applied at 0.4 kg ae ha -1 at all three sites, common lambsquarters exhibited a signifi cant increase in population (Nebraska, P = 0.0095; Colorado, P = 0.0053; Wyoming, P = 0.0006). Glyphosate applied at 0.8 kg ae ha -1 in Wyoming also showed a signifi cant increase in population (P = 0.0002), but the increase was at a lower level. By 2003 the Nebraska common lambsquarters population in plots where 0.4 kg ae ha -1 Figure 1 . Crop rotation effects on common lambsquarters (1998) (1999) (2000) (2001) (2002) (2003) . Different letters indicate signifi cant mean differences within a site at an alpha level of 0.05. Figure 2 . Herbicide treatment effects on common lambsquarters (1998) (1999) (2000) (2001) (2002) (2003) . Different letters indicate signifi cant mean differences within a site at an alpha level of 0.05. glyphosate was applied was suffi ciently high to cause a 42% reduction in corn yield, compared with the 0.8 kg ae ha -1 glyphosate treatment. At this population level, a change in the management strategy for common lambsquarters will be required to achieve commercial control.
Wild Buckwheat
Wild buckwheat was present at extremely low levels in Nebraska (too low to register on the scale used for Colorado and Wyoming) (Fig. 3) . In contrast, Colorado had very high (>100,000 plants ha -1 ) wild buckwheat levels, while the levels in Wyoming were intermediate (>20,000 plants ha -1 ). In both Colorado and Wyoming, the highest wild buckwheat levels occurred in continuous corn, while the crop rotation had signifi cantly lower populations over the 6 yr of the study. Although wild buckwheat may not be a highly competitive weed, its numbers in some treatments have risen to very high levels. In both Colorado and Wyoming, signifi cantly higher populations of wild buckwheat were found in the treatment with 0.4 kg ae ha -1 of glyphosate compared with the treatment with 0.8 kg ae ha -1 of glyphosate (Fig. 4) . Once again, a pattern emerges whereby reducing the glyphosate rate results in a serious weed buildup over the long term. Even though wild buckwheat was not present in detectable quantities in Wyoming in 1998, by 2003 it had multiplied to very high levels in continuous corn treated with the 0.4 kg ae ha -1 rate of glyphosate (data not presented). This pattern reinforces the long-term importance of using the full labeled glyphosate rate in glyphosate-resistant crops to maintain the effi cacy and utility of this important weed management tool.
Grasses
Across the three locations, the grasses present included green foxtail [Setaria viridis (L.) Beauv.] and barnyardgrass [Echinochloa crus-galli (L.) Beauv.] at Nebraska, Colorado, and Wyoming, and longspine sandbur [Cenchrus longispinus (Hack.) Fern.] at Wyoming. Grass control in Nebraska was the same in continuous corn and in the crop rotation over the six years of this study (Fig. 5) . However, both Colorado and Wyoming, which had higher grass pressures than Nebraska, experienced signifi cantly better grass control in the continuous corn compared with the crop rotation. Not surprisingly, all treatments that included glyphosate over the 6 yr provided signifi cantly better grass control than the conventional treatment (Fig. 6) . It has long been observed that glyphosate generally provides excellent grass control, and this was seen at all three locations in this study.
At the initiation of these studies, common lambsquarters was not a species that we hypothesized to become a problem when continuous glyphosate was used for weed control in successive glyphosate-resistant crops. However, as these results show, use of the 0.4 kg ae ha -1 rate of glyphosate did result in a serious common lambsquarters problem. In contrast, when the 0.8 kg ae ha -1 rate of glyphosate was used, common lambsquarters was controlled.
In these studies, rotating the herbicide mode of action for general weed control did not provide any benefi t above that provided when glyphosate at 0.8 kg ae ha -1 was applied each year. Although this fi nding may be consistent with some current recommendations made to manage herbicide resistance, it does highlight the fact that growers who exclusively rely on the simplicity and eff ectiveness of glyphosate-resistant crop production systems may in fact achieve weed control comparable to other recommended strategies.
These studies further show that the impact of diverse crop rotations on weed populations was minimal. While crop rotations may be desirable for other reasons, the generally high level of weed control provided by the 0.8 kg ae ha -1 rate of glyphosate eliminates crop rotation [1998] [1999] [2000] [2001] [2002] [2003] . Different letters indicate signifi cant mean differences within a site at an alpha level of 0.05.
recommendations as a major method of improving weed control in cultivated fi elds. Perhaps the most striking fi nding of these studies was the serious buildup of certain broadleaf weeds that occurs when the 0.4 kg ae ha -1 glyphosate rate was used in the interest of economic savings. From a biology and herbicide resistance management perspective, this approach is to be discouraged, since it appears to enrich the gene pool with individuals that survive glyphosate applied at low rates. The continuing decline in the real cost of glyphosate should eliminate any legitimate reason for growers to consider using less than the full registered rate of glyphosate.
This research highlights the importance of encouraging farmers to continually evaluate the performance of any weed management strategy they use. Such vigilance will help maintain the utility of conventional and glyphosatebased weed management systems. Figure 5 . Crop rotation effects on green foxtail, barnyardgrass, and longspine sandbur (1998) (1999) (2000) (2001) (2002) (2003) . Different letters indicate signifi cant mean differences within a site at an alpha level of 0.05. Figure 6 . Herbicide treatment effects on green foxtail, barnyardgrass, and longspine sandbur (1998) (1999) (2000) (2001) (2002) (2003) . Different letters indicate signifi cant mean differences within a site at an alpha level of 0.05.
